The study was designed to clarify the mechanisms by which hyperbaric exposure (1.3 atmospheres absolute with 20.9% O 2 ) improves endurance and interval exercise capacities in highly trained mice. Male mice in the training group were housed in a cage with a wheel activity device for 7 weeks from 5 weeks old. Voluntary running markedly increased maximal endurance capacity by 6.4-fold. Trained mice were then subjected to either endurance treadmill training (20-32.5 m min −1 ) or sprint interval training (5 s run-10 s rest, 30-42.5 m min −1 ) with (HypET or HypSIT, respectively) and without (ET or SIT, respectively) 1 h hyperbaric exposure for 4 weeks.
INTRODUCTION
A commercial hyperbaric apparatus, which functions at <1.5 atmospheres absolute (ATA) with room air (20.9% O 2 ), has become popular in the field of sports. However, its effects for improving exercise performance have not yet been elucidated clearly. Previous studies showed that acute hyperbaric exposure at 1.25-1.30 ATA for 1 h upregulated mRNA levels of proliferator-activated receptor gamma coactivator 1-alpha (PGC-1 ) (Fujita, Tomioka, Ono, & Deie, 2016; Suzuki, 2017) and peroxisome proliferator-activated receptor alpha (PPAR ) in rodent skeletal muscle (Suzuki, 2017) . Chronic intermittent hyperbaric exposure with endurance exercise training enhanced endurance capacity via the upregulation of PGC-1 and transcription of mitochondrial transcription factor A (Tfam) protein expression levels in mouse skeletal muscle (Suzuki, 2017) . In that study, exercise training was conducted for only 4 weeks using adult c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society (12-week-old) untrained mice. Human athletes are more likely to start their athletic career in their childhood and continue to perform a daily training regimen throughout their career. In order to clarify whether hyperbaric exposure has beneficial effects for these highly trained individuals, experiments need to be performed using highly trained animals. Thus, the present study was conducted to examine whether exercise training with intermittent hyperbaric exposure has additive effects for endurance and interval exercise performance in mice that have been trained from an early age.
PGC-1 plays crucial roles in the regulation of skeletal muscle adaptation in response to exercise training (Vega, Huss, & Kelly, 2000; Wu et al., 1999) . After muscle contraction, PGC-1 translocates to mitochondria and forms a complex with Tfam, which is upregulated by PGC-1 (Wu et al., 1999) . Therefore, mitochondrial biogenesis could be facilitated through the transcription of mitochondrial genomeencoded genes and mitochondrial DNA replication. Acute exhaustive exercise was previously reported to increase the content of the PGC-1 -Tfam complex remarkably in the mitochondria of mouse skeletal muscle (Safdar et al., 2011) .
PGC-1 also contributes to the changes induced in muscle fibre type by exercise training. Although the muscle-specific deletion of PGC-1 did not affect exercise-induced fibre type transformation (Geng et al., 2010) , the overexpression of PGC-1 was shown to increase the proportion of type I fibres in skeletal muscle (Lin et al., 2002; Zhang et al., 2017) .
Mitochondrial fusion and fission in skeletal muscle are affected by exercise. Mitofusion (Mfn)-1 protein levels in rat skeletal muscle were reduced in response to acute endurance exercise (Ding et al., 2010) . In contrast, the phosphorylation of the mitochondrial fission marker dynamin-related protein (Drp)-1 was increased during acute endurance exercise (Pagano, Py, Bernardi, Candau, & Sanchez, 2014) .
However, the expression of these marker proteins after chronic exercise training has not yet been demonstrated clearly.
High-intensity interval training that consists of repeated all-out efforts (lasting 20-30 s) has been shown to improve muscle oxidative capacity and endurance performance in physically active students (Tabata et al., 1996) . To accomplish this training regimen (i.e. 20-30 s of maximal exercise), a specific device, such as a cycle ergometer and treadmill, or a sufficiently broad outdoor field is needed. Shortduration maximal exercise-rest cycles, for example 5 s-10 s, may be beneficial for athletes who do not have regular access to specific devices and/or who cannot exercise outdoors because of harsh atmospheres, such as air pollution and hot or cold temperatures.
In the present study, experiments were designed to elucidate the effects of endurance training or sprint interval training with hyperbaric exposure on exercise capacity, the expression of proteins involved in mitochondrial biogenesis, metabolic enzyme levels and fibre type composition in well-trained mice.
METHODS

Ethical approval
All procedures were approved by the Animal Care and Use Committee of Hokkaido University of Education (no. 6, approved on 14 April 2017) and performed in accordance with the 'Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences' of the Physiological Society of Japan and the Editorial by Grundy (2015) .
Animals and acute hyperbaric exposure
Forty-four male multi cross hybrid mice (4 weeks old) were purchased from Clea Japan Inc. (Tokyo, Japan) and housed in controlled conditions with a temperature of 24 ± 1 • C and relative humidity of ∼50%. Lighting (07.00-19.00 h) was controlled automatically. All mice were given commercial laboratory chow (solid CE-2; Clea Japan Inc.) and tap water ad libitum. After mice had been fed for 1 week and allowed to adapt to the new environment, they were randomly assigned to a sedentary control group (Sed, n = 10) or a training group (n = 34).
Mice in the training group were individually housed in a cage with a
New Findings
• What is the central question of this study?
Intermittent hyperbaric exposure (1.3 atmospheres absolute with 20.9% O 2 ) enhances endurance capacity by facilitating oxidative and glycolytic capacities in skeletal muscle. It remains unclear whether this strategy enhances endurance performance in well-trained individuals.
• What is the main finding and its importance?
Hyperbaric exposure with endurance training enhanced oxidative and glycolytic capacities and protein levels of mitochondrial transcription factor A, dynamin-related protein-1 and heat shock protein 70. Hyperbaric exposure with sprint interval training increased the proportion of type I muscle fibres and promoted capillary growth and muscle fibre hypertrophy. These results may lead to a new strategy for enhancing exercise capacity in well-trained mice. Values are represented as means ± SD wheel activity device (13 cm in diameter) for 7 weeks. Wheel activity (distance and running time) was monitored and recorded using digital bike computers (CC-VL820; Cateye Co., Ltd, Osaka, Japan). Mice in the Sed group were housed individually throughout the experiment.
To familiarize mice with the treadmill device, all mice, including the Sed group, were subjected to treadmill walking once a week using a controlled treadmill (Modular motor assay; Columbus Instruments Inc., Columbus, OH, USA) for 3 min per day at 10-15 m min −1 with a 5 deg incline.
The distance run during voluntary wheel training is shown in Figure 1 . After voluntary wheel training, mice were given a 48 h non-exercise period before the maximal endurance capacity test. The test was performed with a graded ramp running protocol using the controlled treadmill as shown in Figure 2a . After the test, mice had a 48 h non-exercise period. The sprint interval capacity test was then performed as shown in Figure 3a , b. Total work (in joules) was calculated as the product of body weight (in kilograms), speed (in 
Time (min) F I G U R E 2 Endurance exercise performance test. (a) Graded ramp treadmill running protocol for the endurance capacity test. (b, d) Total work capacity of the endurance capacity test after 7 weeks of voluntary wheel running and after 4 weeks of treadmill exercise training, respectively. (c, e) Run time to exhaustion values after 7 weeks of voluntary wheel running and after 4 weeks of treadmill exercise training, respectively. Sed, sedentary control group; ET, endurance-trained group; HypET, hyperbaric exposure with endurance-trained group; SIT, sprint interval-trained group; HypSIT, hyperbaric exposure with sprint interval-trained group. # Significantly different from pre-treadmill training values of each group shown in panel b or c at P < 0.05 using Student's paired t test. Significant differences from the * Sed, ∫ ET, § HypET and ¶ SIT groups at P < 0.05 using the Tukey-Kramer multiple comparisons test. Values are represented as means ± SD metres per second), time (in seconds), slope (as a percentage) and 9.8 m s −2 .
For the endurance test, exhaustion was defined when the mouse stayed for >5 s on the metal grid (no electrical shock) at the rear of the treadmill, despite external gentle touching being applied to the tail with a conventional elastic bamboo stick (0.8 mm in diameter). For the interval test, exhaustion was defined when the mouse could not run three consecutive sprint trials.
After the performance test, mice were given a 48 h non-exercise period before treadmill training. Mice in the training group were divided into an endurance-trained group (ET, n = 8), hyperbaric exposure with endurance-trained group (HypET, n = 8), sprint intervaltrained group (SIT, n = 9) or hyperbaric exposure with sprint intervaltrained group (HypSIT, n = 9), in order to match the mean and SD values of total work (Figures 2b and 3c) . Mice in the training groups were subjected to exercise training 6 days per week for 4 weeks using a rodent treadmill (KN-73; Natsume Co., Tokyo, Japan). Instead of using an electrical shock, the tali or planta pedis of mice were touched with a conventional test tube brush made with soft porcine bristles in order to motivate them to run when they stayed on a metal grid for >2 s. 
Histological analyses
Histochemical examinations of capillary profiles and muscle fibre phenotypes were done as previously reported, with slight modifications (Suzuki, 2017) . Briefly, 10-m-thick serial cross-sections were obtained using a cryotome (CM-1500; Leica Japan Inc., Tokyo, with distilled water and mounted as described above. Two individual images were obtained using the respective filter sets (filter set 49 or filter set 38) at one microscopic field with a constant exposure time for each image and stored on a computer disk. In order to assess the expression of PGC-1 in the nucleus, each RGB image was split into a green (PGC-1 ) or blue (nucleus) channel and converted to an eight-bit greyscale image using ImageJ software (NIH, Bethesda, MD, USA).
The co-localized area of two images was obtained with a constant threshold value for each image. All fluorescent images were obtained within 24 h of staining.
Biochemical analyses of enzyme activities
Frozen tissue powder was obtained using a frozen sample crusher (SK mill; Tokken Inc., Chiba, Japan) and homogenized with ice-cold medium [10 mM Hepes buffer, pH 7.4; 0.1% Triton X-100; 11.5% (w/v) sucrose;
and 5% (v/v) protease inhibitor cocktail (P2714; Sigma-Aldrich)]. After centrifugation at 1500g at 4 • C for 10 min, the supernatant was used in enzyme activity analyses. The activities of 3-hydroxyacyl-CoAdehydrogenase (HAD) and lactate dehydrogenase (LDH) were assayed according to the method of Bass, Brdiczka, Eyer, Hofer, and Pette (1969) . The activities of citrate synthase (CS) and phosphofructokinase (PFK) were assayed according to the method of Srere (1969) and Passonneau and Lowry (1993) 
Western blot analyses
The Lab software (Bio-Rad) and normalized to the same sample that was run on every gel and transferred to every membrane.
Statistical analyses
All values were log 10 -transformed. Differences among the four or five groups were examined using the Tukey-Kramer multiple comparisons test. Differences in exercise performance before and after treadmill training with or without hyperbaric exposure were analysed using Student's paired t test. Mean, SD and 95% confidence interval (CI) values were expressed after back-transformation. Differences were considered to be significant at P < 0.05. When the CI values did not contain the zero value specified in the null hypothesis, differences were considered to be biologically important (du Prel, Hommel, Röhrig, & Blettner, 2009 ). All statistical analyses were performed using EZR public domain software (Kanda, 2013) .
RESULTS
Body and organ masses
Body weight was significantly lower in the four exercise-trained groups than in the Sed group (Table 1 ; P < 0.05). The absolute and relative weight values of the whole heart and left ventricle were significantly higher in the four exercise-trained groups than in the Sed group (P < 0.05). The relative weight values of gastrocnemius and SOL were
TA B L E 1 Values of body and organ masses
Sed (n = 10) ET (n = 8) HypET (n = 8) SIT (n = 9) HypSIT (n = 9)
Body mass (g) 41.4 ± 1.6/1.5 37.4 ± 1.9/1. 
Maximal exercise capacity
After voluntary wheel running for 7 weeks, total work and run time to exhaustion values were significantly greater in the training group by 6.4-fold (Figure 2b ; CI: 6.05-6.80, P < 0.001) and 2.7-fold ( Figure 2c; CI: 2.68-2.78, P < 0.01), respectively, than in the Sed group. In contrast, total work and maximal speed values of the interval exercise test were slightly greater in the training group by 1.3-fold ( Figure 3c; CI: 1.14-1.41, P = 0.13) and by 1.3-fold ( Figure 3d ; CI: 1.14-1.41, P = 0.13), respectively, than in the Sed group. ET and SIT for 4 weeks increased neither endurance (total work and run time to exhaustion; Figure 2d and e, respectively) nor interval exercise capacity (total work and maximal speed; Figure 3e and f, respectively). HypET significantly increased total work (1.4-fold, CI: 1.24-1.56, P < 0.001) and run time Thus, hyperbaric exposure had additive effects on exercise-induced improvements in both endurance and interval exercise capacities.
Fibre type composition
Representative immunofluorescent images of SOL are shown in and HypET (CI: 2.14-3.65, P = 0.024) groups than in the Sed group.
The proportion of type IIA fibres in GrM was markedly greater in the ET (CI: 1.27-1.34, P = 0.025), SIT (CI: 1.26-1.36, P = 0.018) and HypSIT (CI: 1.19-1.34, P = 0.048) groups than in the Sed group. Thus, hyperbaric exposure increased the proportion of highly oxidative muscle fibres in interval-trained hindleg muscles.
Fibre cross-sectional area
The fibre cross-sectional area (FCSA) values of type I fibres in SOL were markedly higher in the HypSIT group than in the SIT group (CI: 1.16-1.25, P = 0.071; Table 3 ). The FCSA values in PL were markedly higher in the HypET group than in the Sed and ET groups for type IIA (CI: 1.25-1.44, P = 0.038 and CI: 1.16-1.34, P = 0.23, respectively), IIAX (CI: 1.30-1.52, P = 0.026 and CI: 1.17-1.37, P = 0.25, respectively) and IIB+IIX fibres (CI: 1.16-1.34, P = 0.14 and CI: 1.16-1.34, P = 0.17, respectively). Moreover, FCSA values in PL were markedly higher in the HypSIT group than in the Sed group for type I (CI: 1.24-1.49, P = 0.031), IIAX (CI: 1.29-1.46, P = 0.037) and IIB+IIX (CI: 1.21-1.34, P = 0.066) fibres, whereas these values were markedly higher in the 3.4 ± 7.2/2.5 3.5 ± 6.1/2.4 5.2 ± 6.1/2.6 2.2 ± 5.7/1.8 IIA 43.2 ± 6.0/5.3 50.7 ± 8.7/7.4 54.7 ± 8.4/7.3* 48.6 ± 9.1/7.7 51.0 ± 10.6/8.8 IIAX 3.1 ± 2.9/1.6 15.7 ± 5.0/3.8* 13.6 ± 9.5/5.7* 10.2 ± 9.5/5.7* 11.9 ± 5.9/4.0* IIB+IIX 45.4 ± 7.7/6.6 25.5 ± 9.2/6.8* 23.1 ± 9.6/6.8* 31.0 ± 5.9/5.0* 30.0 ± 11.4/8.3* GrL I 18.0 ± 3.4/2.8 17.5 ± 2.2/1.9 17.9 ± 3.0/2.6 18.4 ± 1.1/1.0 17.6 ± 3.7/3.0 IIA 44.4 ± 4.2/3.8 51.2 ± 8.6/7.4* 50.4 ± 7.4/6.5 54.0 ± 5.4/5.0* 49.3 ± 7.0/6.1 IIAX 2.5 ± 3.2/1.5 9.7 ± 5.9/3.7* 6.9 ± 11.5/4.5* 7.8 ± 3.3/2.4* 10.3 ± 5.4/3.6* IIB+IIX 33.6 ± 5.4/4.7 17.7 ± 12.6/7.4* 20.3 ± 10.5/7.0 17.6 ± 11.0/6.8 18.5 ± 14.2/8.1 GrM I 44.4 ± 8.3/7.0 44.0 ± 6.2/5.4 47.7 ± 7.4/6.4 44.0 ± 7.1/6.1 41.1 ± 5.9/5.2 IIA 35.2 ± 7.9/6.4 45.8 ± 5.2/4.7* 41.6 ± 4.7/4.2 45.9 ± 8.4/7.1* 44.5 ± 12.3/9.6* IIAX 2.8 ± 3.8/1.8 3.3 ± 7.1/2.5 2.9 ± 6.9/2.3 4.4 ± 6.5/2.8 6.0 ± 9.2/3.8 IIB+IIX 14.1 ± 7.9/5.1 3.1 ± 6.0/2.2* 3.3 ± 5.8/2.3* 1.5 ± 4.4/1.4* 2.2 ± 6.7/1.9* Gw IIB+IIX 100 100 100 100 100
Values are represented as means ± SD (upper/lower). SOL, soleus muscle; PL, plantaris muscle; GrL, lateral postion of red gastrocnemius muscle; GrM, medial portion of red gastrocnemius muscle; Gw, white portion of gastrocnemius muscle. Significant differences from the * Sed and § HypET groups, at P < 0.05 using the Tukey-Kramer multiple comparisons test.
SIT group than in the Sed group for type I fibres only (CI: 1.22-1.35, P = 0.054). Thus, hyperbaric exposure promoted muscle fibre hypertrophy in intermediate and glycolytic fibres after endurance training and in oxidative and glycolytic fibres after interval training.
Capillarization
Capillary-to-fibre (C:F) ratio values in GrL were significantly higher in the HypET group, but not in the ET group, compared with the Sed group (CI: 1.30-1.37, P = 0.006; Table 4 ). In PL and GrM, C:F values were significantly higher in the four trained groups than in the Sed group (P < 0.05). The C:F and capillary density values in Gw were markedly higher in the HypSIT group than in the SIT group (CI: 1.21-1.36, P = 0.049 and CI: 1.17-1.40, P = 0.104, respectively). Thus, in intervaltrained mice, daily hyperbaric exposure facilitated exercise-induced capillary growth in the muscle regions mainly composed of glycolytic fibres. Values are represented as means ± SD (upper/lower). * Significantly different from the Sed group at P < 0.05 using the Tukey-Kramer multiple comparisons test.
TA B L E 3 Fibre cross-sectional area values (in square micrometres)
TA B L E 4 Capillary-to-fibre ratio and capillary density values
Sed
ET HypET SIT HypSIT
Capillary-to-fibre ratio SOL Values are represented as means ± SD (upper/lower). Significant differences from the * Sed, ∫ ET and ¶ SIT groups, at P < 0.05 using the Tukey-Kramer multiple comparisons test.
Metabolic enzyme activities
Enzyme activity values in Gr were markedly higher in the HypET group than in the ET group for CS (CI: 1.08-1.29, P = 0.072), HAD (CI: 1.10-1.24, P = 0.036) and PFK (CI: 2.08-2.68, P = 0.003; Table 5 ). CS activity values in DIA were markedly higher in the HypET (CI: 1.24-1.51, P < 0.001) and HypSIT (CI: 1.11-1.42, P = 0.007) groups than in the Sed group. PFK activity values in SOL were significantly lower in the HypET group than in the Sed (CI: 0.31-0.94, P = 0.015) and ET groups (CI: 0.39-1.18, P = 0.006). LDH activity values in PL were markedly higher in the HypSIT group than in the SIT group (CI: 1.09-1.23, P = 0.008).
CS activity values in SOL were markedly higher in the SIT group than in the HypSIT group (CI: 1.12-1.29, P = 0.031). Moreover, PFK activity values in Gw were markedly higher in the SIT group than in the HypSIT group (CI: 1.11-1.25, P = 0.056). Thus, HypET enhanced mitochondrial oxidative and glycolytic enzyme activities, whereas HypSIT enhanced the activities of enzymes involved in lactate metabolism in the hindleg muscles.
PGC-1 expression
Representative fluorescent images of PL are shown in Figure 5 . The PGC-1 -positive nuclear area was significantly (P < 0.05) larger in all four training groups in SOL (Figure 6a ) and GrL (Figure 6c ). PGC-1 expression levels in PL were markedly higher in the HypET group than in the Sed (23.1-fold, CI: 18.7-28.6, P = 0.002) and ET groups (2.2-fold, CI: 1.78-2.74, P = 0.83; Figure 6b) . Moreover, PGC-1 levels were markedly higher in the HypSIT group than in the Sed (14.2-fold,
TA B L E 5
Enzyme activity values (in micromoles per hour per milligram of protein)
Sed
ET HypET SIT HypSIT CS SOL 9.9 ± 1.9/1.6 11.0 ± 2.5/2.1 11.0 ± 1.9/1.6 12.7 ± 134/1.2* 10.1 ± 1.6/1.4 ¶ PL 7.8 ± 1.5/1.2 9.6 ± 0.73/0.68* 10.4 ± 1.2/1.1* 10.5 ± 1.4/1.3* 9.8 ± 1.4/1.2* Gr 13.5 ± 1.4/1.3 17.2 ± 1.5/1.4* 20.3 ± 2.5/2.2* 17.4 ± 3.4/2.9* 17.8 ± 1.8/1.7* Gw 5.4 ± 0.6/0.6 6.5 ± 2.3/1.7 6.4 ± 2.0/1.5 6.5 ± 1.1/0.95 6.4 ± 1.0/0.88 DIA 16.0 ± 2.1/1.9 18.8 ± 3.1/2.6 22.0 ± 3.1/2.7* 18.2 ± 1.5/1.3 § 20.1 ± 3.9/3.2* HAD SOL 2.6 ± 0.54/0.45 2.4 ± 0.53/0.43 2.2 ± 0.36/0.31 2.8 ± 0.53/0.44 § 2.4 ± 0.30/0.27
Values are represented as means ± SD (upper/lower). Abbreviations: CS, citrate synthase; HAD, 3-hydroxyacyl-CoA-dehydrogenase; LDH, lactate dehydrogenase; and PFK, phosphofructokinase. Gr, red portion of gastrocnemius muscle. Significant differences from the * Sed, ∫ ET, § HypET and ¶ SIT groups, at P < 0.05 using the Tukey-Kramer multiple comparisons test.
CI: 11.6-17.4, P = 0.013) and SIT (2.7-fold, CI: 2.17-3.27, P = 0.64) groups. PGC-1 expression levels in GrM were markedly higher in the HypET group than in the Sed (30.2-fold, CI: 26.2-49.3, P = 0.003) and ET (6.7-fold, CI: 4.25-10.56, P = 0.26) groups (Figure 6d ). PGC-1 levels in Gw were significantly higher in the HypSIT group (37.9-fold, CI: 22.9-62.7, P = 0.035) than in the Sed group (Figure 6e) . Thus, chronic intermittent hyperbaric exposure facilitated PGC-1 protein expression in the nuclei of the hindleg muscles.
Protein expression
HSP70 protein expression in all hindleg muscles was significantly stronger in the four training groups than in the Sed group (Figure 7a-e; P < 0.05). HSP70 expression in Gr was markedly stronger in the HypET group than in the ET group (2.7-fold, CI: 1.38-5.10, P = 0.47). Thus, hyperbaric exposure had an additive effect on HSP70 expression for ET, but not for SIT.
Tfam protein expression in PL, Gr, Gw and DIA was markedly stronger in the four training groups than in the Sed group (Figure 7g-j) . Tfam protein expression in Gr was markedly greater in the HypET group than in the ET group (1.3-fold, CI: 1.15-1.56, P = 0.19; Figure 7h ).
Tfam levels in Gw were significantly higher in the HypET group (1.8-fold, CI: 1.25-2.65, P = 0.035), but slightly higher in the ET group (1.4-fold, CI: 1.05-1.89, P = 0.43) than in the Sed group (Figure 7i ). Drp1 protein expression in Gr and DIA was significantly stronger in the four training groups than in the Sed group (P < 0.05; Figure 8c , e). Drp1 protein expression in Gr was markedly stronger, by 1.4-fold, in the HypET group than in the ET group (CI: 1.08-1.70, P = 0.47; Figure 8c ). Drp1 levels in Gw were significantly higher, by 2.0-fold, in the HypET group (CI: 1.59-2.63, P = 0.008), but slightly higher in the ET group (CI: 1.16-2.14, P = 0.18), than in the Sed group (Figure 8d) . Thus, hyperbaric exposure had an additive effect on Tfam and Drp1 expression for ET, but not for SIT.
Mfn2 protein expression in Gw was markedly stronger in the four training groups than in the Sed group (Figure 8i ; P < 0.05). Mfn2 levels were significantly higher in the SIT group than in the Sed group in SOL (1.3-fold, CI: 1.25-1.43, P = 0.009) and PL (1.6-fold, CI: 1.35-1.89, P = 0.033). Thus, hyperbaric exposure did not affect Mfn2 protein expression in hindleg muscles.
DISCUSSION
In the present study, 7 weeks of voluntary wheel running markedly increased total work (6.4-fold; Figure 2b ) and run time to exhaustion (2.7-fold; Figure 2c ) values in the endurance performance test.
However, in the interval performance test, total work (1.3-fold; Figure 3c ) and maximal speed (1.1-fold; Figure 3d relationship to maximal endurance capacity on the treadmill (Meek, Lonquich, Hannon, & Garland, 2009) and to CS activity values (Ivarsson et al., 2017) . Thus, chronic voluntary wheel running predominantly improves endurance capacity.
Effects of hyperbaric exposure on endurance training
In highly trained mice, the present results showed that endurance exercise performance was promoted by HypET. The present study demonstrated that expression of the PGC-1 protein expression in the nucleus markedly increased after HypET (Figures 5 and 6 ). This result is consistent with previous findings on untrained mice; higher PGC-1 and Tfam levels were observed after 4 weeks of endurance training with, but not without, hyperbaric exposure (Suzuki, 2017) . In the present study using highly trained mice, Tfam levels in PL, Gr, Gw and DIA markedly increased in the four training groups irrespective of the exercise type and hyperbaric exposure (Figure 7 ). However, in Gr, the ET-induced upregulation of Tfam was facilitated by hyperbaric exposure (Figure 7h ). Tfam expression is mainly regulated by PGC-1 , and a complex of these two proteins promoted mitochondrial biogenesis by the transcription of mitochondrial genome-encoded genes and mitochondrial DNA replication (Wu et al., 1999) . After
HypET, the activity levels of mitochondrial enzymes (CS and HAD)
were markedly enhanced in Gr (Table 5 ). Moreover, PFK activity levels were markedly increased after HypET, but not after ET alone.
These results were consistent with previous findings obtained using untrained mice (Suzuki, 2017) . Thus, hyperbaric exposure may enhance endurance exercise performance via the upregulation of mitochondrial oxidative capacity and glycolytic capacity in highly trained mice.
Mitochondrial fusion and fission in skeletal muscle are affected by exercise. Mfn1 protein levels decreased during acute endurance exercise and a recovery period up to 24 h, whereas Mfn1 mRNA levels decreased during exercise, but increased at 3 h postexercise and thereafter in rat skeletal muscle (Ding et al., 2010) . In contrast, although protein levels of Drp1 did not change, its phosphorylation increased at 1 h during acute endurance exercise and remained elevated until exhaustion, but it returned to pre-exercise levels within 3 h postexercise (Pagano et al., 2014) . In the present study, the organs were harvested 48 h after the last exercise bout; therefore, changes in protein expression represented chronic adaptive changes induced by exercise training. In the present study, ET increased Drp1 levels in Gr and DIA (Figure 8 ). In contrast, SIT alone increased Drp1 levels in Gr and DIA, increased Mfn2 levels in SOL and PL, and increased Drp1
and Mfn2 protein levels in Gw. Thus, ET may preferentially facilitate mitochondrial fission, whereas SIT appears to facilitate fission and fusion in highly trained mice.
In the present study, hyperbaric exposure facilitated Drp1 expression after ET (Figure 8c ). The activation of AMPK was identified as a key regulator of mitochondrial fission (Toyama et al., 2016) . SIT Reactive oxygen species (ROS) have been shown to increase AMPK activity (Choi et al., 2001) . Hyperbaric exposure of >1 ATA with 100% O 2 was reported to increase ROS production (Thom, 2011) . However, ROS was also shown to inhibit AMPK activation in cardiac muscle (Shao et al., 2014) . Moreover, enhanced ROS production has not been reported during and/or after mild hyperbaric exposure with 20.9% O 2 , as used in the present study. Thus, hyperbaric exposure might facilitate mitochondrial fission by ROS-independent mechanisms. Hyperbaric exposure in the present study facilitated Drp1 expression after ET in Gr (Figure 8c ), in which oxidative enzyme levels (CS and HAD) were markedly upregulated by hyperbaric exposure (Table 5) . Moreover, enhanced Drp1 levels were not observed after HypSIT. Thus, HypET might facilitate mitochondrial fission by enhancing oxidative metabolism, rather than via the direct effects of hyperbaric exposure.
Consistent with previous findings obtained using untrained mice (Suzuki, 2017) , the present study showed that the ET-induced upregulation of HSP70 was facilitated by hyperbaric exposure (Figure 7a-e) . After severe exercise (Takemura & Ishihara, 2017) and muscle injury ), HSP70 plays a crucial role in the recovery of striated muscle. In response to acute exercise and chronic exercise training, HSP70 protein levels were found to increase in rat skeletal muscle (Ogata, Oishi, Higashida, Higuchi, & Muraoka, 2009 ).
Intermittent hyperbaric exposure (3 ATA, 100% O 2 , 1 h daily for 5 days consecutively) increased HSP70 mRNA and protein expression levels in mouse neuroblastoma cells (Shyu et al., 2004) . The recovery of muscle damage induced by daily exercise may be facilitated by the upregulation of HSP70, resulting in the promotion of muscular adaptation to exercise training.
In DIA, neither ET nor SIT protocols enhanced CS activity values (Table 5 ). This result is partly supported by previous findings showing that endurance training for 4 weeks did not enhance CS activity values in the rat diaphragm (Suzuki, 2002) . In the present study, CS activity values were markedly increased after HypET and HypSIT.
Thus, hyperbaric exposure might promote oxidative metabolism in respiratory muscles, thereby enhancing exercise capacity. Chronic intermittent hyperbaric exposure (2.4 ATA with 100% O 2 , twice daily for 90 min) for 4 weeks failed to increase oxidative and glycolytic enzyme activity values in rabbit diaphragm (Nelson, Wolf, Hearon, & Li, 1994) . Although precise mechanisms could not be determined from the present results, activity-induced adaptation might be facilitated by hyperbaric exposure in respiratory muscles.
Effects of hyperbaric exposure on sprint interval training
As described above, HypET markedly enhanced endurance performance. In contrast, HypSIT improved endurance and interval exercise performance, although the absolute work on the last day of the treadmill training was markedly lower with interval exercise [19.1 J (g body weight) −1 ] than with endurance exercise [52.2 J (g body weight) −1 ]. Thus, HypSIT in the present study appeared to be a beneficial strategy for improving exercise performance in highly trained individuals.
PGC-1 has been shown to stimulate capillary growth induced by exercise training (Lin et al., 2002) . The deletion of PGC-1 abolished exercise-induced increases in vascular endothelial growth factor protein levels after 5 weeks of endurance training in mice (Leick et al., 2009 ). The present results showed that HypSIT facilitated capillary growth, identified by changes in the C:F ratio (Table 4) and PGC-1 expression levels ( Figure 6 ) in glycolytic fibre-rich muscle portions.
Thus, facilitated capillary growth might contribute to enhancement of exercise performance by increasing the supply of oxygen and metabolic substrates and promoting a lactate shuttle between organs. In a previous study, 4 weeks of intermittent hyperbaric exposure (1.3 ATA with 20.9% O 2 ) did not improve capillary growth in skeletal muscles (Suzuki, 2017) . Thus, hyperbaric exposure itself might not induce capillary growth, but it might facilitate exercise-induced capillary growth.
However, further investigations are needed in order to elucidate the precise mechanisms underlying facilitated capillary growth induced by SIT with chronic intermittent hyperbaric exposure.
Hyperbaric exposure (1.25 ATA, 36% O 2 , 3 h per day for 16 weeks) did not increase FCSA in rat soleus muscle (Takemura & Ishihara, 2017) . In mouse hindleg muscles, relative muscle mass values did not change after 4 weeks of intermittent hyperbaric exposure (1.3 ATA with 20.9% O 2 ; Suzuki, 2017) . Thus, mild hyperbaric exposure had not been shown to induce muscle hypertrophy. In the present study, relative muscle mass (Table 1) and FCSA (Table 3) were markedly enhanced by HypSIT. As described above, daily exercise volumes in SIT were approximately half those in ET. Thus, HypSIT might be a beneficial strategy for facilitating muscle hypertrophy. Muscle hypertrophy was shown to be induced by multiple anabolic stimuli, including insulin-like growth factor-1 (Egerman & Glass, 2014) and myostatin inhibition (Savage & McPherron, 2010) . PGC-1 4, one of the isoforms of PGC-1 , was shown to induce insulin-like growth factor-1 and repress myostatin, thereby increasing muscle mass and strength (Ruas et al., 2012) . Unfortunately, the present study did not measure PGC-1 4 expression. The upregulation of PGC-1 by chronic hyperbaric exposure might possibly contribute to facilitated muscle hypertrophy in oxidative and glycolytic fibres, which enhances endurance and interval exercise performance observed after interval training.
In the present study, HypSIT increased the proportion of highly oxidative type I fibres in SOL (Table 2) . PGC-1 contributes to the transformation of muscle fibre types by co-activating the calcineurin signalling pathway (Geng et al., 2010) . PPAR was shown to be required for the formation and maintenance of slow oxidative fibres in skeletal muscles by stimulating PGC-1 expression (Schuler et al., 2006) . The overexpression of PGC-1 was previously reported to increase the proportion of type I fibres in the gastrocnemius muscle (Lin et al., 2002; Zhang et al., 2017) . In the present study, increases in the proportion of type I fibres were observed in SOL only (Table 2) .
Although the underlying mechanisms have not yet been elucidated in detail, HypSIT might enhance endurance capacity by increasing the proportion of oxidative fibres in highly oxidative muscle.
